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Plasmodium falciparum triosephosphate isomerase (PfTIM)
contains two tryptophan residues, W11 and W168. One is
positioned in the interior of the protein, and the other is
located on the active-site loop 6. Two single-tryptophan
mutants, W11F and W168F, were constructed to evaluate
the contributions of each chromophore to the fluorescence
of the wild-type (wt) protein and to probe the utility of the
residues as spectroscopic reporters. A comparative analysis
of the fluorescence spectra of PfTIMwt and the two mutant
proteins revealed that W168 possesses an unusual, blue-
shifted emission (321 nm) and exhibits significant red-edge
excitation shift of fluorescence. In contrast, W11 emits at
332 nm, displays no excitation dependence of fluorescence,
and behaves like a normal buried chromophore.W168 has a
much shorter mean lifetime (2.7 ns) than W11 (4.6 ns). The
anomalousfluorescenceproperties ofW168are abolishedon
unfoldingof theprotein inguanidiniumchloride (GdmCl) or
at low pH. Analysis of the tryptophan environment using a
1.1-A˚ crystal structure established that W168 is rigidly held
by a complex network of polar interactions including a
strong hydrogen bond from Y164 to the indole NH group.
The environment is almost completely polar, suggesting that
electrostatic effects determine the unusually low emission
wavelength of W168. To our knowledge this is a unique
observation of a blue-shifted emission from a tryptophan in
a polar environment in the protein. The wild-type and
mutant proteins show similar levels of enzymatic activity and
secondary and tertiary structure. However, the W11F
mutation appreciably destabilizes the protein to unfolding
by urea and GdmCl. The fluorescence of W168 is shown to
be extremely sensitive to binding of the inhibitor, 2-phos-
phoglycolic acid.
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Triosephosphate isomerase (TIM) is an important glycolytic
enzyme that catalyses the isomerization of dihydroxyace-
tone phosphate and glyceraldehyde 3-phosphate. Like most
TIMs, the enzyme from the malarial parasite Plasmodium
falciparum (PfTIM) is a homodimer of (a/b)8 barrels. Each
monomer has a central core of b-strands surrounded by
a-helices [1]. Such a fold is commonly known as the TIM
fold [2] and 10–12%of all known enzyme structures fall into
this category [3–5]. This fold is also predicted to be the most
abundant in the proteome of an organism [6,7]. The
diversity of function and evolutionary significance has made
the (a/b)8 barrel a major target for structural studies [8–10].
PfTIM is being used in our laboratory as a model system
for studying folding and assembly of dimeric proteins.
Studies on folding of PfTIM and site-directed interface
mutants [11,12], along with related studies reported in the
literature [13,14], suggest that formation of folded mono-
mers precedes association into functional dimers, in the
folding pathway of TIM. While PfTIM unfolds in guani-
dinium chloride (GdmCl) solution, it maintains a consid-
erable level of secondary, tertiary and quaternary structure
in 8 M urea [11]. A detailed elucidation of the structural
events during unfolding is facilitated if spectroscopic probes
are located at key points in the protein structure. PfTIM
contains two tryptophan residues, at positions 11 and 168
(Fig. 1). Alignment of sequences of 89 known TIMs has
revealed that W168 is completely conserved, whereas other
aromatic residues may replace W11. W168 is present on
loop 6, which undergoes significant dynamic changes, with
residues 166–176 moving as a rigid body, both in the
presence and absence of ligand [15–17]. Loop 6 is also
referred to as the catalytic loop, as it closes over the active
site when substrate binds. W11 is part of the N-terminal
segment of the dimer interface, although the indole ring
itself is directed towards the interior of the monomeric unit.
Analysis of the fluorescence properties of PfTIM under
diverse conditions is complicated by overlap of contribu-
tions of individual tryptophan residues. To dissect the
specific contributions of each chromophore to the spectral
properties of the protein, we constructed two mutants,
W11F and W168F, each of which contains a single
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tryptophan residue. Several recent studies have established
the utility of single-tryptophanmutants in the interpretation
of protein emission spectra [18–24]. Theoretical analysis has
also emphasized the importance of single-tryptophan pro-
teins in understanding the role of the microenvironment in
determining the emission properties of the indole chromo-
phore [25,26].
Normally, low-wavelength (<330 nm) emissions have
been associated with hydrophobic environments around
tryptophan residues in proteins, and only red-shifted
fluorescence is taken to indicate polar environments. In this
report, we establish that W168 in PfTIM exhibits unusual
fluorescence properties, an extremely low wavelength of
emission, low quantum yield, and short lifetime. These
features are rationalized on the basis of a network of polar
interactions revealed by a high-resolution crystal structure.
Also,W168 fluorescence is shown to be sensitive to inhibitor
binding. Replacing tryptophan with phenylalanine at the
two sites leads to changes in the stability of the mutant
proteins in the presence of denaturants, as revealed by
spectroscopic studies, with the W11F mutant being
significantly destabilized.
Materials and methods
Reagents
a-Glycerol phosphate dehydrogenase, NADH and glycer-
aldehyde-3-phosphate dehydrogenase were purchased from
Sigma Chemical Co., St Louis, MO, USA and used without
further purification. The substrate glyceraldehyde-3-phos-
phate was obtained as a diethylacetal monobarium salt and
processed to its active form according to the manufacturer’s
instructions. The concentration of glyceraldehyde 3-phos-
phate extracted was estimated using glyceraldehyde-
3-phosphate dehydrogenase. Restriction enzymes and T4
DNA ligase were obtained from Amersham Pharmacia,
UK. Taq DNA polymerase was from Bangalore Genei
Private Limited, Bangalore, India. All other chemicals were
obtained locally and were of the highest grade. Conditions
recommended by the manufacturer were used for all
molecular biology reagents. The Escherichia coli strain
AA200 was a gift fromDr Barbara Bachmann of theE. coli
Genetic Stock Center New Haven, CT, USA.
Mutagenesis, protein expression and purification
The plasmid pTIM-C1 [27] carrying PfTIM in the expres-
sion vector pTrc99A was used to construct the single
tryptophan mutants. The oligonucleotide 5¢-CACCATGG
CTAGAAAATATTTTGTCGCAGCAAACTTCAAAT
GTAA-3¢, in which the codon for Trp (TGG) was mutated
to that for Phe (TTC), along with a 3¢-gene-specific primer
(5¢-ACGGATCCTTACATAGCACTTTTTATTATATC-
3¢) was used to amplify the mutant TIM gene (W11F) using
pTIMC1 as template. The PCR conditions used were as
follows: for a volume of 50 lL, 10 ng pTIMC1, 200 ng of
each primer, 2.5 mM dNTP mixture, and 5 U Taq poly-
merase were used. The buffer supplied by the enzyme
manufacturer was used for the PCR. The PCR cycle
conditions were denaturation at 93 C for 15 s followed by
annealing at 50 C for 20 s and extension at 73 C for 15 s.
Thirty cycles of PCR yielded enough product for further
utilization. The amplified fragment was gel purified, diges-
ted with restriction enzymes NcoI and BamHI, and ligated
with the appropriately cut vector, pTrc99A. The ligation
mix was used to transform the E. coli strain AA200
(garB10, fhuA22, ompF627, fadL701, relA1, pit-10,
phoM510, merB1), which lacks endogenous TIM activity.
One of the recombinants selected was verified to carry the
required mutation by partial DNA sequencing. The com-
plete sequence of W11F was further confirmed by electro-
spray MS analysis of the purified enzyme and of the
fragments obtained by tryptic digestion. W168F was
constructed using the method of mega-primer PCR [28].
The mutagenic primer (5¢-TTATTCGCTATTGG
TACTGGTA-3¢) along with the above mentioned 3¢ primer
was used to amplify the mega-primer using pTIMC1 as
template. The conditions used for PCRwere same as above.
This 3¢TIM fragment of 260 bpwas gel purified and used as
Fig. 1. Crystal structure of PfTIM [44] dimer. Both tryptophans in one monomer are labelled. The diagram was generated using MOLSCRIPT [54].
746 P. Pattanaik et al. (Eur. J. Biochem. 270)  FEBS 2003
mega-primer along with the 5¢-gene-specific primer, 5¢-CAG
AATTCCATGGCTAGAAAATATTTTGTCGC-3¢ for
the second PCR. The reaction mixture contained the same
concentration of the various components as described
above except for the mega-primer, which was kept at
400 ng. Thirty cycles of denaturation at 93 C for 45 s
followed by annealing at 68 C for 30 s and extension at
73 C for 30 s were carried out. Cloning of this mutant TIM
fragment into pTrc99A and subsequent transformation into
AA200 was performed in amanner similar to that described
for W11F. One of the clones selected was verified for the
presence of the required sequence by electrospray MS
analysis on the purified recombinant protein. Here again,
both the full-length protein and proteolytic fragments
obtained after trypsin treatment were analysed.
Expression and purification of the mutants were carried
out using methodology reported previously [11] for wild-
type PfTIM. Briefly, AA200 cells transformed with the
recombinant plasmid were induced using 5 gÆL)1 lactose at
an A600 of 0.8. The culture broth was further supplemented
with same amount of lactose twice at intervals of 4 h. TIM
was purified from bacterial lysates by precipitation with
ammonium sulfate at a saturation of 70–90% followed by
anion-exchange chromatography using a ResourceQ
(6 mL; Pharmacia) column at pH 8.0 (20 mM Tris/HCl)
with a linear gradient of 0–0.5 MNaCl. Finally, gel filtration
using Sephacryl S200 (HR16/60 column; Pharmacia) was
carried out to obtain homogeneous TIM. Protein was
stored at )20 C as a lyophilized powder until use. All
protein determinations were carried out using the Bradford
method [29] with BSA as standard.
Enzyme assay
Kinetic measurements were carried out by the method of
Plaut and Knowles [30] in a Shimadzu UV210A double-
beam spectrophotometer at room temperature. The cuvette
contained 100 mM triethanolamine buffer, pH 7.6, 5 mM
EDTA, 0.5 mM NADH, a-glycerophosphate dehydro-
genase (20 lgÆmL)1) and 0.16–2.4 mM glyceraldehyde
3-phosphate. Enzyme activity was determined by monitor-
ing the decrease in A340. The dependence of the initial rate
on the substrate concentration was analysed according to
the Michaelis–Menten equation. The values for the kinetic
parameters (Km and kcat) were calculated from Lineweaver–
Burk plots.
Fluorescence measurements
Fluorescence emission spectra were recorded on an Hitachi
650–60 or Perkin–Elmer LS-55 spectrofluorimeter. The
protein samples were excited at 270 nm or 295 nm and the
emission spectra recorded from 300 nm to 400 nm. Excita-
tion and emission band-pass was kept as 5 nm.
Time domain fluorescence lifetime measurements were
carried out using the single-photon counting method. A
continuous wave diode pump laser with a doubling crystal
that generated light at a wavelength of 1064 nm was used
to pump a Ti-sapphire laser (Tsunami, Spectra Physics,
CA, USA). The source of excitation (295 nm) was the third
harmonic of the fundamental Ti-sapphire wavelength. This
setup was able to produce light at a repetition rate of
4 MHz with a pulse width of less than 2 ps. The detector
was a MCP-PMT (Hamamatsu Photonics, Japan). Decay
curves were acquired in 500–600 channels of 50 ps/channel
to about 10 000 counts in the peak. Data were analysed
using the software provided by the manufacturers. The
analysis of decay assumed a multiexponential model:
IðtÞ ¼
X
i
ai expðt=siÞ
with amplitudes ai and lifetimes si. Goodness of fit was
derived from v2R values and the weighted residuals. The
relative contribution of each decay component fi to the total
emission was calculated as:
fi ¼ aisiP
j
ajsj
Circular dichroism
CD measurements were carried out on a JASCO J-715
spectropolarimeter. Ellipticity changes at 220 nm and
280 nm were monitored to follow the unfolding transition.
A path length of 1 mmwas used in the far-UV and a 5-mm-
path length cuvette was used for the near-UV CD. Spectra
were averaged over four scans at a scan speed of
10 nmÆmin)1.
Mass spectrometry
Electrospray ionization mass spectra were recorded on a
Hewlett-Packard (model HP-1100) electrospray mass
spectrometer coupled to an online 1100 series HPLC.
Electrospray ionization was carried out using a capillary
with an internal diameter of 0.1 mm. The tip was held at
5000 V in a positive ion detection mode. Nebulization
was assisted by N2 gas (99.8%) at a flow rate of
10 LÆmin)1. The spray chamber was held at 300 C. The
ion optics zone was optimized for maximal ion trans-
mission. The best signal was obtained when a decluster-
ing potential (fragmentor voltage) of 200 V was set for
detection. Data were acquired across a suitable mass
range using a conventional quadrupole with cycle time of
3 s. The spectrometer was tuned using five calibration
standards provided by the manufacturer. Data were
processed using the deconvolution module of the CHEM-
STATION software to detect multiple charge states and
obtain derived masses.
Size-exclusion chromatography
Analytical gel filtration was carried out using a calibrated
Superdex 75H gel-filtration column (10 mm internal dia-
meter · 300 mm) fitted to an Akta Basic HPLC from
Amersham-Pharmacia, Uppsala, Sweden. The protein
sample was eluted at a flow rate of 0.5 mLÆmin)1 with
20 mM Tris/HCl, pH 8.0, containing 150 mM NaCl. The
effect of urea on the quaternary structure of the protein was
monitored by incubating at the desired concentration of
denaturant for 30 min before passing the sample through
the gel-filtration column equilibrated at the same urea
concentration.
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Monitoring of inhibitor binding to PfTIM
and the mutants
Quenching of Trp fluorescence in all three proteins after
binding of TIM inhibitor 2-phosphoglycolic acid was
monitored at emission maxima of each protein following
excitation at 295 nm. Protein concentration in each case was
maintained at 1 lM. Aliquots of 0.5 lL of a 20-mM stock
solution of 2-phosphoglycolic acid were added to 0.5 mL
TIM at pH 8.0 (20 mMTris/HCl). Emission intensities were
monitored after incubation for 20 min at room tempera-
ture. Measurements were carried out until there was no
further decrease in fluorescence intensity. 2-Phosphoglycolic
acid at the highest concentration had no effect on the
absorbance of the protein solution at 295 nm.
Results and discussion
Expression, purification and characterization of mutants
Wild-type TIM (TIMwt) and both the mutants (W11F and
W168F) were expressed in the E. coli strain AA200 (null for
TIM). All the proteins were purified to homogeneity from
the cell lysates and their constitution confirmed by SDS/
PAGE followed by electrospray MS of both intact and
tryptic digests of purified proteins (data not shown). Masses
of 27832 and 27792 Da were observed for the wild-type and
mutant proteins, respectively, under conditions of electro-
spray where only the protein monomers are detected. The
calculated masses for wild-type and mutants are 27831.5
and 27792.5, respectively. Further, the masses of the tryptic
peptides generated by digests of the mutant proteins
confirmed the positions of the mutations to be as desired
(data not shown).
Purified TIM and the mutants were checked for
enzymatic activity using a coupled enzyme assay. Table 1
summarizes the kinetic parameters of enzyme activities of
the three proteins. Although the Michaelis–Menten con-
stants (Km) for the mutants were comparable to the wild-
type, the kcat values were almost twofold lower than that
of the wild-type enzyme, probably because of the muta-
tions being close to active-site residues (in the case of
W11F) or in segments involved in catalysis (in the case of
W168F). The W168F mutant of yeast TIM has been
reported to have a similar decrease of  40% in the
catalytic efficiency [31].
The extinction coefficients at 280 nm were determined to
be 31 400 M)1Æcm)1 for TIMwt and 25 710 M)1Æcm)1 for
the two tryptophan mutants. Normalized UV-absorption
spectra for the two mutants showed that the overall shapes
of the spectra were quite similar to that of the wild-type
protein, with absorption maxima at 278 nm (data not
shown).
The far-UV CD spectra of the mutant and the wild-type
proteins revealed that the overall secondary structures of all
three proteins are quite similar (Fig. 2A). The near-UV CD
spectra, which measure the asymmetric environment of the
aromatic residues in the protein, showed a slight decrease in
the ellipticity of both the mutants compared with that of
TIMwt (Fig. 2B). The aromatic CD of PfTIM is dominated
by the contributions from the tyrosine residues, and the
small decrease in ellipticity is probably the result of
replacement of one tryptophan by phenylalanine, rather
than loss of tertiary structure as a consequence of the
mutations. The absence of significant variation in kinetic
parameters and CD spectra supports the existence of similar
overall 3D structures in the mutant and wild-type TIMs,
Table 1. Kinetic parameters for TIMwt and mutants. G3P, Glycer-
aldehyde 3-phosphate.
Protein Km for G3P (mM) kcat (min
)1)
TIMwt 0.36–0.43 2.68 · 105
W11F 0.25–0.41 1.55 · 105
W168F 0.30–0.36 1.57 · 105
Fig. 2. CD spectra of PfTIM wild-type (wt) and mutants (W11F,
W168F). (A) Far UV; (B) near UV. Protein concentrations were 4.0
and 32.0 lM for far-UV and near-UV CDmeasurements, respectively.
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justifying the use of these single tryptophan mutants for
detailed fluorescence analysis.
Fluorescence properties
Steady-state fluorescence emission was recorded after exci-
tation at 270 nm (Fig. 3A) or 295 nm (Fig. 3B). In the case
of excitation at 270 nm, no distinct peak corresponding to
emission from tyrosine residues (at 308 nm) was observed.
TIMwt and mutant W168F had emission maxima at 331
and 332 nm, respectively, whereas mutant W11F emitted at
321 nm. Emission spectra were recorded after excitation at
295 nm (Fig. 3B) in order to minimize the contribution of
tyrosine residues to total emission. The emissionmaxima for
TIMwt and W168F were almost unchanged, but interest-
ingly, the emissionmaximum forW11Fwas at 327 nm, red-
shifted by about 6 nm. Compared with TIMwt, there was a
substantial fall of 70% in the fluorescence intensity of
W11F, whileW168F showed a decrease of about 30%. This
suggests that the contribution of W168 to overall protein
fluorescence is quite low. To study the effect of excitation
wavelength on emission maxima, all three proteins were
subjected to excitation at different wavelengths over the
range 280–305 nm, and emission maxima at each wave-
length of excitation were monitored. As shown in Fig. 3
(inset), there was very little dependence of emission wave-
length on excitation wavelength in the case of TIMwt and
W168F, but W11F shows a progressive red shift of 7 nm
with increasing excitation wavelength from 290 nm to
305 nm. A difference in emission maxima after excitation at
the red edge of the absorption spectrum is commonly
known as red-edge excitation shift (REES), a feature
observed in many proteins [32–34]. This phenomenon is
generally attributed to the restricted motion of the trypto-
phan residue. REES is also indicative of a heterogeneous
environment due to variation in locations of polar groups in
the vicinity of the tryptophan [35].
Fluorescence decay curves were recorded for the wild-
type and mutant TIMs at pH 8.0 in order to estimate
excited state lifetimes. Emission wavelengths were set at the
respective emission maxima of each protein under the given
condition. At pH 8.0, tryptophan fluorescence decays were
described adequately by two-exponential models for all
three proteins. The v2R values, characterizing the goodness
of fit, were always less than 1.2, and the weighted residuals
were randomly distributed around zero. Attempted fits
of the experimental data to a single exponential model
showed very large increases in v2R values. A three-exponen-
tial fit led to no improvement in v2R values or generated the
third term with very short lifetimes in the subnanosecond
range. The parameters associated with the time-resolved
fluorescence in TIMwt and its single-tryptophan mutants
are summarized in Table 2. In all three cases the major
decay component was characterized by a longer lifetime
(3–4.9 ns), while the other component had a significantly
shorter decay time (1.5–1.8 ns). Notably, the value of the
major decay component for W168 in mutant W11F was
appreciably shorter (3.0 ns).
The comparative analysis of the properties of the three
proteins PfTIMwt, W11F and W168F suggests that the
emission properties of W168 are unusual. This residue
displays a significantly blue-shifted emission (321 nm), with
the emission wavelength showing significant REES. In
addition, fluorescence ofW168 is appreciably quenched and
it also yields a significantly lower lifetime than W11. In
contrast, W11 yields an emission maximum of 332 nm in
the folded protein characteristic of a buried Trp and shows
no evidence of excitation wavelength dependence of emis-
sion. Furthermore, W11 has a significantly higher quantum
yield of emission than that of W168. Figure 4 shows the
immediate environments of the two Trp residues in PfTIM,
as observed in the crystal structure of an enzyme–inhibitor
complex determined at 1.1 A˚ resolution. Remarkably,
W168 is located in an environment that contains several
Fig. 3. Steady-state fluorescence emission spectra of PfTIM wild-type
(wt) and single tryptophan mutants (W11F and W168F) at pH 8.0.
Spectra were recorded after excitation at 270 nm (A) or 295 nm (B).
Inset, Dependence of fluorescence emission maxima of TIMwt (d),
W11F (j) and W168F (m) on excitation wavelength. Protein con-
centrations were kept at 0.5 lM.
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polar residues, including E129 and R134. Indeed the plane
of the guanidino group of R134 is roughly parallel to the
indole ring of W168 with a short distance of approach of
3.24 A˚ between the indole and one of the N atoms of the
guanidino group. Importantly, the phenolic O atom of
Y164 forms a good hydrogen bond with the indole NH of
W168 (N)0 2.86 A˚). A strong network of local hydrogen
bonds stabilizes the cluster of residues in the vicinity of
W168. The carboxylate of E129 forms H-bonds to both the
phenolic hydroxyl of Y164 (O–O 2.62 A˚) and the guanidino
group of R134 (O–N 2.91 A˚). Further, L167 and W168
occupy the i + 1 and i + 2 positions of a type 1 b-turn
stabilized by a backbone hydrogen bond between P166 CO
and A169 NH (N—O 2.84 A˚). Another short hydrogen
bond between W168 CO and T172 OH (O–O 2.56 A˚)
completes the network of polar interactions, which immo-
bilizes the W168 residue. Indeed the indole ring of W168
makes no close nonpolar contact. Inspection of the crystal
structure thus reveals a highly polar, but frozen environ-
ment for W168. Hence, any local movements about the
available degrees of freedom, backbone or side chain would
be expected to have very high activation barriers, as several
networked interactions would have to be disrupted. Clearly,
the unusual emission properties of W168 are a consequence
of its local electrostatic environment and its immobility. The
importance of electrostatic effects in modulating Trp
fluorescence shifts in proteins has recently been stressed,
invoking the concept of an internal Stark effect [25]. The
quenching of W168 fluorescence may be a consequence of
the several interactions detailed above [25,36]. Notably,
involvement of the indole NH group in hydrogen-bonding
has also been shown to quench Trp emission in proteins
[37]. Indeed, the only other proteins that exhibit emission
maxima further shifted to shorter wavelengths are azurin
(308 nm), calpactin (314 nm), parvalbumin (316 nm) and
E. coli asparginase (319 nm) [38]. Examination of the
structures of azurin and parvalbumin indicates that the
blue-shifted emission arises from the single tryptophan
residue located in the highly hydrophobic environment. In
the case of azurin, mutagenesis of the two hydrophobic
residues I7 and F110 to serine (located in the vicinity of
W48) leads to a red shift of the emission maximum [39,40].
Apart from this study, W59 in RNase T1 is probably the
only other example (to our knowledge) of a tryptophan,
localized in an environment containing polar residues and
ordered water molecules, emitting at a low-emission wave-
length of 322 nm [25,41].
Fig. 4. Amino-acid environments around W11 (A) and W168 (B).
Residues that are at a minimum distance of 3.5 A˚ from the trypto-
phans are shown. The figures were generated from a 1.1-A˚ crystal
structure [44] of PfTIMusing a Swiss-pdb viewer [55]. Hydrogen bonds
are shown as dotted lines along with the distances in A˚.
Table 2. Fluorescence lifetimes for PfTIM and mutants.
Protein Condition
Emission
wavelength
(nm)a v2 s1 (ns) s2 s3 f1 (%) f2 f3
Mean
lifetime
Æ s æ
Wild-type pH 8.0 332 0.98 – 1.8 4.6 – 27.6 72.4 3.8
pH 2.8 346 1.10 0.2 1.5 4.6 4.5 32.3 63.2 3.4
6 M GdmCl 357 1.15 0.1 1.19 3.7 5.3 31.5 63.2 2.7
W11F pH 8.0 327 1.12 – 1.5 3.0 – 26.0 74.0 2.7
pH 2.8 340 1.05 0.2 1.4 4.4 3.7 30.8 65.5 3.3
6 M GdmCl 357 1.10 0.1 1.0 3.5 4.4 25.6 70.0 2.8
W168F pH 8.0 334 1.10 – 1.5 4.9 – 7.5 92.5 4.6
pH 2.8 340 1.05 0.3 1.4 4.5 5.6 34.0 60.4 3.2
6 M GdmCl 357 1.07 0.2 1.0 2.8 6.9 38.5 54.6 1.9
a Lifetime measurements for each protein under specified conditions were carried out at these wavelengths of emission.
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W11 is in a moderately nonpolar environment with the
indole NH involved in a hydrogen bond with the S235
backbone CO group (OAN 2.96 A˚). Solvent accessibility
calculations [42] reveal that both W11 and W168 are
relatively inaccessible to water molecules (relative accessi-
bilities calculated for tryptophan side chains in A subunit
were 0.5% for W11 and 6.9% for W168). It may be noted
that the dimer interface segments of PfTIM are composed
of interacting loops, with W11 lying away from the subunit
interface.
Comparison of fluorescence properties of folded
and denatured proteins
In a fully folded protein, spectral properties of the indole
chromophore are largely dictated by the surrounding
environment, resulting in observable differences for specific
tryptophan residues. However, under conditions of com-
plete denaturation, such differences are minimized and
similar fluorescence properties may be expected, irrespective
of the position of the chromophore in the structure of the
protein. The addition of 6 M GdmCl completely abolishes
tertiary structure in TIM. Steady-state emission spectra in
the presence of 6 M GdmCl (Fig. 5A) showed a large red
shift (357 nm) in the emission maxima characteristic of
tryptophan in a completely solvent-exposed environment.
As expected, there was no difference in the emissionmaxima
of all three proteins. There was a significant fall in the
fluorescence intensities under these conditions. Significantly,
the relative contributions of each tryptophan towards the
overall emission of the wild-type protein changed compared
with that at pH 8.0. The emission intensity of W11F was
 60% of that of the wild-type, and that of W168F was
 40%. In 6 M GdmCl there was no excitation dependence
of the emission from W11F. As noted above, this mutant
exhibited a prominent REES at pH 8.0. The excited state
lifetime values for all proteins under unfolding conditions
are listed in Table 2. Under these conditions, better fits to
experimental data were obtained using a three-exponential
model, although the amplitudes of the third components
were relatively small. The decay times characterizing the
major components are very similar for TIMwt and W11F
mutant (3.66 and 3.54 ns). Curiously, the lifetime of the
W168F mutant was appreciably shorter (2.8 ns). The
possibility of local structural effects that influence lifetimes
in the unfolded state cannot be ruled out in this case.
Previous studies have established that TIMwt exists as an
expandedmolten globule at pH 2.8 which retains significant
secondary structure but lacks tertiary interactions, as
evidenced by CD and binding to the hydrophobic dye
ANS [43]. Fluorescence measurements were also carried out
for all three proteins at pH 2.8 (Fig. 5B). The emission
maxima after excitation at 295 nm were 348 nm for TIMwt
and W168F and 346 nm for W11F. Significant red shifts in
all three proteins indicated structural changes resulting in
exposure of the tryptophan side chains. As in the case of
completely denatured proteins, the contribution of Trp168
to the overall fluorescence of TIMwt was higher (65% of
TIMwt) than that of Trp11 (40%of TIMwt). Time-resolved
decay curves for all the proteins at pH 2.8 were satisfactorily
fitted to a three-exponential model with the slowest
decaying components having the largest amplitudes
(Table 2). Lifetime components for all three proteins
showed no significant differences under these conditions.
Stability of the mutants
In engineering single-tryptophanmutants inPfTIM,wehave
made the assumption that the Trp to Phe replacement will
not cause significant structural alterations. This expectation
Fig. 5. Steady-state emission spectra of PfTIM wild type (wt) and sin-
gle-tryptophan mutants (W11F and W168F) in the presence of 6 M
GdmCl (A) and at pH 2.8 (B). Protein concentrations of 0.5 lM were
maintained in each case.
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has been borne out by the almost unimpaired enzymatic
activity of the mutant proteins. However, inspection of the
high-resolution (1.1 A˚) crystal structure of the native protein
[44] suggested that significant disruption of local interactions
mayresultasaconsequenceof mutation,withaconcomitant
reduction in overall stability of the protein under denaturing
conditions.We therefore carriedout spectroscopic studieson
all three proteins in both urea and GdmCl to evaluate their
relative stabilities under unfolding conditions. PfTIM has
beenpreviously showntopossess considerable structure even
in 8 M urea but has been shown to unfold in GdmCl.
Unfoldingwasmonitored by fluorescence in terms of shift in
emission maxima and fall in intensity (Fig. 6). In the case of
TIMwt, up to a concentration of 6 M urea, there was no
significant change in the emission maximum (kem) and the
emission intensity fell byonly 30–40%.However, therewas a
sharp change in the emission intensity between 6 and 8 M
urea, suggesting a significant change in the tryptophan
environment. TheCm values (concentration of urea at which
50% of the protein is unfolded) forW11F andW168F were
Fig. 6. Equilibrium unfolding of PfTIM wild-type (d), W11F (j) andW168F (m) using urea (left column) and GdmCl (right column) as denaturants.
Extent of denaturation was monitored by measuring the fall in emission intensity (middle row) at 331, 332 and 227 nm for PfTIMwt, W168F and
W11F, respectively. Fluorescence intensities in the absence of denaturant were taken as 100%. Unfolding was also monitored by a change in
emission maxima (top row) with increasing concentrations of the denaturant and by a fall in ellipticity at 220 nm (bottom row). The excitation
wavelength for the fluorescence measurements was kept at 295 nm. A protein concentration of 4.0 lM was used in each case.
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3.0 M and 6.0 M, respectively (Fig. 6), suggesting that the
W11F is significantly more susceptible to denaturation by
urea than W168F, which behaves similar to the wild-type
enzyme. Similar observations were made when GdmCl was
used as a denaturant, where TIMwt,W11F andW168F had
Cm values of 1.2, 0.5 and 1.1 M, respectively (Fig. 6). The
changes in the secondary structure of the two proteins with
ureawere alsomonitoredusing far-UVCDmeasurements at
220 nm. As shown in Fig. 6, TIMwt and W168F retained
substantial secondary structure in concentrations of urea as
high as 6 M, whereas, the secondary structure of W11F
collapsed completely in 5 M urea. These results suggest that
the W11F mutation significantly enhances the susceptibility
of the protein to unfolding induced by urea and GdmCl.
Inspectionof the crystal structure reveals thatW168,which is
positioned on loop 6, has a local environment largely
determined by the loop residues, which are proximal in
sequence (Fig. 4B). Replacement of this residue with Phe
may be expected to have little effect on the overall stability of
the protein, and indeed this expectation is borne out by the
experimental data. In contrast,W11 is located in the interior
of the protein and makes several apolar contacts with the
proximal residues (Fig. 4A).Replacementbyamuch smaller
residue, Phe, would be expected to generate a cavity, which
would then require structural readjustment of neighbouring
residues to optimize packing. In general, cavity-creating
mutations lead todestabilizationofprotein structure [45–49].
Indeed, W11F shows significantly greater susceptibility to
unfolding induced by urea and GdmCl than TIMwt and
W168F. Destabilization of the native state in the W12F
mutant ofTrypanosomabruceiTIMhasbeen shown recently
[50].
Urea-induced denaturation of TIMwt and the mutants
was also monitored as a function of increase in their Stoke’s
radii using gel filtration as a tool. As shown in Fig. 7, the
retention volumes of the mutant proteins were exactly the
same as that of TIMwt under native conditions. In the case
of the wild-type enzyme, even at 8 M urea the dimer did not
dissociate completely into monomers. In contrast, the entire
population was eluted as solvated monomers in the case of
both the mutants at concentrations much below 8 M. In
addition, W11F showed an aggregated intermediate at 3 M
urea, which disappeared when the concentration of the
denaturant was increased. Such an aggregate was entirely
lacking in the course of unfolding of W168F. Aggregation
may be brought about by exposure of hydrophobic patches
on the surface of the partially unfolded protein.
Probing inhibitor binding with Trp fluorescence
Inhibitor binding to TIM has been shown to result in a
major movement of loop 6 (residues 166–176), which
contains the W168 residue. Although crystal structures of
enzyme–inhibitor complexes have largely yielded the loop-
closed conformation in the bound form, in the case of
PfTIM several complexes of inhibitors and substrate
analogs have been shown to adopt the loop-open confor-
mation [44]. The complex of the transition-state analog
3-phosphoglycolate has been shown to adopt both open and
closed conformations of the loop in crystals [44]. The
proximity of W168 to the substrate-binding site suggests
that this residue may prove to be a useful spectroscopic
probe for monitoring ligand–protein interactions. Figure 8
shows the effect of the inhibitor 2-phosphoglycolic acid on
Trp emission. In the case of TIMwt, there is very little
change in intensity over a wide range of inhibitor concen-
trations. As discussed above, the emission spectrum of
TIMwt is largely dominated by contributions from W11,
with W168 being considerably quenched with an unusually
blue-shifted emission maximum. The availability of the
single-tryptophan mutants W11F and W168F provides an
opportunity to examine whether ligand binding does indeed
influence the properties of the tryptophan residue in loop 6.
The effects of inhibitor on the fluorescence intensity of the
twomutant proteins are shown in Fig. 8. Interestingly, there
is a dramatic reduction in the fluorescence intensity of
W11F upon inhibitor binding, suggesting that complex
formation has an appreciable effect on the chromophoric
properties of W168. In the case of W168F, there is a small,
but nevertheless significant increase in fluorescence intensity
on inhibitor binding. W11 is present next to the active-site
residue K12, which is involved in positioning the substrate
or inhibitor. It is conceivable that the enhancement of W11
fluorescence on complex formation may be the consequence
of local structural changes in the vicinity of the active site.
Conclusions
Fluorescence spectroscopy provides a convenient and
sensitive means of probing the environment of tryptophan
Fig. 7. Denaturaration of PfTIM (top), W11F (middle) and W168F
(bottom) as monitored by gel filtration in the presence of urea (see
Materials and methods for details). Concentrations of urea used are
indicated on the right of each chromatogram.
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residues in proteins [51,52]. The utility of intrinsic protein
fluorescence is limited by the fact thatmany proteins contain
multiple tryptophan residues making interpretation of
resultant spectra ambiguous. Site-directed mutagenesis
provides a powerfulmeans of replacing tryptophan residues,
generating single-tryptophan mutants. PfTIM contains two
tryptophan residues at positions 11 and 168 providing an
opportunity to probe distinctly different segments of the
protein structure and to interpret protein fluorescence on the
basis of available structural data. To enable unambiguous
spectral interpretation, we examined the single-tryptophan
mutants W11F and W168F. The results establish that the
properties of W168 are extremely unusual, with a blue-
shifted emission at 321 nm and a very low quantum yield of
fluorescence emission compared with that of W11 and the
wild-type. In addition, W168 also exhibits a significant
excitation dependence of its emission. The high-resolution
crystal structure of PfTIM provides a rationalization of the
unusual spectroscopic properties ofW168, which is frozen in
an extremely polar environment. The anomalous wave-
length of emission is presumably dictated by the electrostatic
environment of the chromophore, consistent with recent
theoretical calculations [25,26]. W11 exhibits the spectro-
scopic properties characteristic of an indole chromophore
buried in the hydrophobic interior of a protein. Although
transfer of indole chromophores from polar solvents to
nonpolar solvents results in a blue shift in the fluorescence
maximum, it must be stressed that structural interpretations
of unusually blue-shifted chromophores must be made with
caution. As noted in the case ofW168, a tryptophan residue
surrounded largely by polar groups can exhibit an extremely
low wavelength of emission. It is also important to stress
that, at present, interpretation of fluorescence parameters,
such as emission wavelengths, quantum yields and excited
state lifetimes, cannot be made in terms of local structural
features in the vicinity of the chromophore. Overviews of
existing data do not reveal any readily apparent correlation
between emission wavelengths and fluorescence lifetimes or
between emission wavelengths and quantum yields, for Trp
residues in proteins [53]. However, the availability of single-
tryptophan mutants in a structurally well-characterized
system suggests that future analysis of mutational effects
on protein fluorescence may provide useful additional
insights. The utility of single-tryptophan mutants has been
confirmed by establishing that the fluorescence of theW11F
mutant is sensitive to inhibitor binding, in contrast with the
wild-type protein.
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